Mitochondrial Genetics:
A Paradigm for Aging and
Degenerative Diseases?
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Studies of diseases caused by mitochondrial DNA mutations suggest that a variety of
degenerative processes may be associated with defects in oxidative phosphorylation
(OXPHOS). Application of this hypothesis has provided new insights into such diverse
clinical problems as ischemic heart disease, late-onset diabetes, Parkinson’s disease,

Alzheimer's disease, and aging.

There are four basic concepts in the OX-
PHOS paradigm for degenerative diseases:
OXPHOS generates mitochondrial energy
in the form of adenosine triphosphate
(ATP); OXPHOS is the main source of
ATP for a variety of organs and tissues,
including brain, striated muscle, kidney,
and pancreatic islets; OXPHOS genetics is
complex, involving both nuclear DNA
(nDNA) and  mitochondrial DNA
(mtDNA) genes; and OXPHOS declines
with age.

Oxidative phosphorylation generates
mitochondrial ATP by means of five mul-
tiple subunit enzyme complexes (I through
V) plus the adenine nucleotide translocator
(ANT), all localized within the mitochon-
drial inner membrane. Complexes I to IV
constitute the electron transport chain. Re-
duced nicotinamide adenine dinucleotide
(NADH) is oxidized by complex I (NADH
dehydrogenase), and succinate is oxidized
by complex II (succinate dehydrogenase);
the electrons are transferred to ubiquinone
(CoQ) to yield ubiquinol (reduced CoQ).
The electrons from ubiquinol are trans-
ferred to complex III (ubiquinol:cyto-
chrome ¢ oxidoreductase), then to cyto-
chrome ¢ (cyt ¢), then to complex IV
(cytochrome ¢ oxidase), and finally to ox-
ygen. The energy released is used to pump
protons out of the mitochondrial inner
membrane through complexes I, III, and
IV, and the resulting electrochemical gra-
dient is exploited by complex V (ATP
synthase) to condense adenosine diphos-
phate (ADP) and inorganic phosphate (P))
to form ATP. Both ATP and ADP are
exchanged across the mitochondrial inner
membrane by ANT (I, 2).

Oxidative phosphorylation is the pri-
mary source of energy for several organ and
tissue systems, including the brain, muscle,
heart, kidney, liver, and pancreatic islets.
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Chronic poisoning of OXPHOS with respi-
ratory inhibitors and uncouplers such as
cyanide, sodium azide, and dinitrophenol
results in optic atrophy, deafness, ataxia,
seizures, myoclonus, basal ganglia degener-
ation, and movement disorders. Hypoxia
caused by asphyxiation or ischemia prefer-
entially affects the brain, kidney, heart, and
liver. Ischemia also produces a characteris-
tic muscle pathology, mitochondrial myo-
pathy, in which the oxidative type I muscle
fibers degenerate and accumulate aggregates
of abnormal mitochondria. Because these
mitochondrial aggregates stain red by Go-
mori modified trichrome, the affected mus-
cle fibers are called ragged-red fibers (RRF)
(1). Streptozotocin, which selectively dam-
ages pancreatic islet mtDNAs, induces dia-
betes in rats, and respiratory inhibitors
block insulin production in isolated islets.
Hence, the islets of Langerhans are also
highly oxidative (3). Taken together, these
data indicate that as inhibition of OX-
PHOS increases, mitochondrial ATP pro-
duction declines until it falls below the
minimum energy levels (thresholds) neces-
sary for more oxidative tissues and organs to
function. In this manner, systemic OX-
PHOS defects can result in tissue-specific
diseases (I).

OXPHOS genetics is complex because
the genes for component peptides are dis-
tributed throughout both the nDNA and
mtDNA. Human mtDNA is a 16,569—-base
pair (bp) closed circular molecule located
within the mitochondrial matrix, which
encodes 13 OXPHOS subunits plus the
mitochondrial ribosomal RNAs (rRNA)
and transfer RNAs (tRNA) required for
their expression (Fig. 1). Respiratory com-
plex I consists of over 30 polypeptides,
seven encoded by the mtDNA (these are
the NADH dehydrogenase genes NDI,
ND2, ND3, ND4L, ND4, NDS5, and
ND6); complex II consists of four nDNA-
encoded polypeptides; complex III encom-
passes ten polypeptides, one encoded by the
mtDNA [cytochrome b (cyt b)]; complex IV
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incorporates 13 polypeptides, three from
the mtDNA (cytochrome ¢ oxidase genes
COl, COIl, and COIll); and complex V
includes 12 polypeptides, two from the
mtDNA (ATP synthase genes ATPase 6
and 8) (Fig. 1). The expression of the
mtDNA OXPHOS genes requires function-
al mitochondrial replication, transcription,
and translation systems, and all of the
polypeptides for these processes are encoded
by the nDNA. Thus, the biogenesis of
OXPHOS requires hundreds of nuclear and
cytoplasmic genes (I, 4).

The genetics of OXPHOS is additionally
complicated by the unique characteristics of
mtDNA inheritance (1, 5). The mtDNA is
predominantly maternally inherited; less
than 0.1% of the mtDNAs are contributed
by the sperm. Each cell contains hundreds
of mitochondria and thousands of copies
of the mtDNA genome. Therefore, cells
can harbor mixtures of mutant and normal
mtDNAs (heteroplasmy), and each time a
heteroplasmic somatic or germ-line cell di-
vides, the mutant and normal mtDNAs are
randomly segregated into the daughter
cells. Thus, the mtDNA genotype fluctu-
ates from one cell division to the next, and
over multiple cell divisions the proportion
of mutant mtDNAs drifts toward either
predominantly mutant or normal mtDNAs
(homoplasmy). The severity of the OX-
PHOS defect resulting from an mtDNA
mutation is a product of the nature of the
mtDNA mutation and the proportion of
mutant mtDNAs within the cell. Because
the phenotype of a patient is related to the
severity of the OXPHOS defect and the
energetic thresholds of the various organs
and tissues, the clinical symptoms of the
maternal relatives in heteroplasmic pedi-
grees vary according to the proportion of
mutant mtDNAs that each individual in-
herits. Because the mutation rate of the
mtDNA genes is substantially higher than
that of most nDNA polypeptide genes,
diseases resulting from heteroplasmic and
homoplasmic mtDNA mutations are rela-
tively common (I, 5).

The final basic concept in the OXPHOS
paradigm is that the OXPHOS system de-
clines with age. The number of skeletal and
heart muscle fibers deficient in cytochrome
¢ oxidase increases progressively with age
(6), and the respiration rates and specific
activities of respiratory complexes I and IV
decline with age in both skeletal muscle
and liver tissue (7). One possible cause of
this age-related decline in OXPHOS as well
as the high mtDNA mutation rate is dam-
age of mtDNA by oxygen free radicals
(superoxide anion and hydrogen peroxide).
Oxygen radicals are a natural by-product of
OXPHOS because electrons can be trans-
ferred directly from reduced flavin dehydro-
genases, CoQQ, and cyt b to oxygen. As a



result, about 1 to 4% of oxygen uptake is
converted to oxygen radicals. The mtDNA
appears to be a common target for oxygen
radical damage, accumulating 16 times more
oxidative damage than nDNA. Because ag-
ing is associated with the accumulation of

mtDNA rearrangements in rats, and life
span in animals is inversely proportional to
basal metabolic rate (oxygen consumption)
and directly related to the extent of oxygen
radical scavenging systems, the decline in

OXPHOS with age may be a product of the
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Fig. 1. Human mtDNA map that shows the location of major disease mutations. Nucleotides O to
16569 of the mtDNA sequence are numbered counterclockwise from the center of the D-loop. Shaded
regions indicate the location of the rRNA and protein genes described in the text. These genes are
punctuated by tRNA genes (clear sectors) whose cognate amino acids are indicated by the adjacent
amino acid abbreviations: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu;
M, Met; N, Asn; P, Pro; Q, GiIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. H-strand replication
starts at O, and proceeds clockwise two-thirds of the way around the circle, displacing the parental
H-strand. When O, is exposed, L-strand replication initiates and proceeds counterclockwise back
around the free parental H-strand. Transcription initiates at the H-strand and L-strand promoters (P
and P, respectively) within the D-loop. The P,, promoter transcribes all genes but ND6 and eight
tRNAs. The P_ promoter directs transcription of these genes and synthesizes the primer for H-strand
DNA replication (7, 4). Disease mutation base substitutions are shown inside the circle, and deletion
mutations are shown outside. The nucleotide positions of the base substitution mutations are given in
parentheses, and only the four primary LHON mutations are shown. The regions removed by the 5-kb
(4977-bp), 7.4-kb (7436-bp), and 10.4-kb (10423-bp) deletions are indicated by the external arcs. The
outer limits for CEOP, KSS, and Pearson's syndrome deletions are encompassed by two arcs
bracketed by O, and O,. Most deletions occur within the major deletion limit, which extends
clockwise in the direction of H-strand replication from Oy, to O, (positions 16085 through 5786). The
remainder of the deletions occur within the minor deletion limit, which extends from O,_to O, (positions
5448 through 470) and which can remove Py, but not P_.
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accumulation of oxidative damage to the

mitochondria and mtDNA (8).

The Nature of OXPHOS Diseases

The relevance of the OXPHOS paradigm to
degenerative diseases has been shown
through studies of individuals with mtDNA
mutations. A number of deleterious mtDNA)
mutations have been identified (I, 4), in-
cluding base substitution mutations in both
the tRNA and protein coding genes,
mtDNA insertion and deletion mutations,
nuclear mutations that predispose cells to
mtDNA deletions, and alterations of
mtDNA copy number.

Diseases resulting from mutations in mi-
tochondrial tRNA genes most clearly dem-
onstrate the principles of the OXPHOS
paradigm. Myoclonic epilepsy and ragged-
red fiber disease (MERREF) is the result of a
heteroplasmic mtDNA mutation at nucle-
otide 8344 in the tRNAY* gene (Fig. 1).
The MERRF mutation is maternally inher-
ited, and severely affected individuals have
myoclonic epilepsy (uncontrolled jerking),
mitochondrial myopathy, and deficiencies
in respiratory complexes I and IV associated
with a defect in mitochondrial protein syn-
thesis (9).

The clinical manifestations of the
MERRF mutation are variable among ma-
ternal relatives and directly proportional
to the associated complex I and IV de-
fects. Within a family, as OXPHOS de-
clines, maternal relatives sequentially ac-
quire electrophysiological aberrations of
the central nervous system, mitochondrial
myopathy, neurosensory deafness, myo-
clonic epilepsy, progressive dementia, hy-
poventilation, cardiac insufficiency, and
renal dysfunction. The severity of the
OXPHOS defect and phenotype is deter-
mined by two variables: percentage of
mutant mtDNAs and age. In a comparison
of family members with similar propor-
tions of mutant mtDNAs, the specific
activity of their respiratory complexes de-
creases, and the severity of their pheno-
type increases, with age. An individual
with 15% normal mtDNAs can have a
mild phenotype at age 20 but a severe
phenotype by age 60. Consequently, in
MERREF pedigrees it is common for indi-
viduals having high percentages of mutant
mtDNAs to have normal childhoods but
to become severely affected as adults (9).

Variable phenotypes associated with
heteroplasmy have also been reported in
mitochondrial encephalomyopathies re-
sulting from mutations in the mtDNA
tRNALeu(WUR) gone. These include the
mitochondrial encephalomyopathy, lac-
tic acidosis, and stroke-like symptoms

(MELAS) mutation at nucleotide 3243,
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which also inactivates the overlapping
transcriptional terminator sequence, and
the maternally inherited myopathy and
cardiomyopathy (MMC) mutation at nu-
cleotide 3260 (10) (Fig. 1).

Diseases caused by mtDNA missense
mutations also demonstrate the age-related
expression of OXPHOS diseases and the
association between the degree of OX-
PHOS defect and the severity of clinical
phenotype. Leber’s hereditary optic neurop-
athy (LHON) is a maternally inherited
form of sudden-onset vision loss caused by
missense mutations in mtDNA electron
transport genes. Individuals with the most
common LHON mutation are generally
normal throughout childhood but have an
increasing probability of going blind as they
age. Their average age of vision loss is 27.6
+ 14.2 years, but the range is from 8 to 60
years (I11). Four mtDNA mutations have
been identified that are sufficient in them-
selves to cause vision loss (Fig. 1). The
most common of these mutations is a G to
A transition at nucleotide 11778
(LHON11778) that is present in over 50%
of cases. This mutation converts the con-
served Arg>* in ND4 to a His*®. In large
pedigrees with many affected individuals,
this mutation is essentially homoplasmic
and transmitted to all maternal relatives.
However, over 50% of LHON11778 cases
have no family history, and 14% of the
families are heteroplasmic, with the pheno-
type appearing in the pedigree when the
percentage of mutant mtDNAs approaches
100%. This result suggests that a significant
number of LHON11778 patients may have
mutations that have only recently appeared
(12). The three remaining mutations that
can cause LHON are at position 3460 in
ND1 (13), 4160 in ND1 (14), and 15257 in
cyt b (15). All of these alter conserved
amino acids.

Five additional mutations appear to con-
tribute to LHON, though only in combina-
tion with other LHON mutations. These
mutations alter less conserved amino acids
and include mutations at nucleotide 4216
in NDI1 (16), 4917 in ND2 (16), 5244 in
ND2 (15), 13708 in ND5 (15, 16), and
15812 in cyt b (15). These mutations ap-
pear to be additive and in the right combi-
nation can reduce OXPHOS sufficiently to
cause vision loss. This synergy is best dem-
onstrated in one mtDNA lineage in which
four mtDNA mutations have accumulated
sequentially with the probability of blind-
ness increasing with each mutation. The
successive genotypes were LHON13708,
which is present in 8% of non-LHON11778
patients but also in 5% of normal controls;
LHON13708 + LHONI15257, present in
8% of patients and 0.3% of controls;
LHON13708 + LHON15257 + LHON-
15812, present in 4% of patients and 0.1%
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of controls; and LHON13708 + LHON-
15257 + LHONI15812 + heteroplasmic
LHON5244, present in 4% of patients but
in less than 0.05% of controls (15). Other
possible examples of synergy include a de-
crease in the severity of the phenotype of the
LHON4160 mutation with a second NDI
mutation at nucleotide 4136 (14) and male
bias and variability in the expression of
LHON as a result of interaction between the
mtDNA mutations and a deleterious X-
linked allele (17). Thus, studies of LHON
have shown that OXPHOS disease symp-
toms may not appear until late in life and
that the more severe the OXPHOS defect,
the greater the probability that symptoms
will develop.

The quantitative nature of OXPHOS
diseases is corroborated by maternally in-
herited neurogenic muscle weakness, atax-
ia, and retinitis pigmentosa (NARP),
which is associated with seizures, dementia,
and developmental delay. This disease is
caused by a missense mutation at nucleotide
8993 in the mtDNA ATPase 6 gene (Fig.
1). This mutation is heteroplasmic in fam-
ilies, and the proportion of mutant mt-
DNAs correlates with the severity of the
symptoms (18).

Diseases caused by mtDNA insertion-
deletion mutations also show the relation
between quantitative reduction in OX-
PHOS and the severity of the disease phe-
notype, and their study has revealed a
second mechanism for OXPHOS disease
progression. These mtDNA insertion-dele-
tion mutations result in the Kearns-Sayre
syndrome (KSS), chronic external ophthal-
moplegia plus (CEOP), and Pearson’s mar-
row/pancrease syndrome (19). These dis-
eases are generally spontaneous, which sug-
gests that most deletion mutations are so-
matic in origin (I). KSS and CEOP
patients are clinically variable, though vir-
tually all have ophthalmoplegia (paralyses
of the eye muscles), ptosis (droopy eyelids),
and mitochondrial myopathy. Mild cases
have only these symptoms and are designat-
ed CEOP, whereas severe cases can also
have retinitis pigmentosa, hearing loss,
heart conduction defects, ataxia, and de-
mentia, and are designated KSS. Pearson’s
syndrome is a generally fatal childhood
disorder involving pancytopenia (loss of all
blood cells), pancreatic fibrosis, and splenic
atrophy (1). Individuals who survive Pear-
son’s syndrome progress to KSS (20).

Deletions in the mtDNA are highly
heterogeneous in both size and position.
However, in CEOP, KSS, and Pearson’s
syndrome, the deletions always spare the
two origins of replication, the heavy (H)-
strand origin and light (L)-strand origin
(Oy and Oy, respectively), which are lo-
cated on opposite sides of the genome (I,
4). This confines the deletions to two arcs,
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the “major” arc encompassing two-thirds of
the genome and sustaining 95% of the
deletions and the “minor” arc encompass-
ing one-third of the genome and the re-
maining deletions (Fig. 1). Presumably,
deletions that eliminate origins retard rep-
lication and do not accumulate in somatic
tissues.

Deletions of mtDNA are often associat-
ed with direct repeats. The most common
deletion is 4977 bp (5 kb) and accounts for
30 to 50% of cases. It occurs between the
13-bp direct repeats (5'-ACCTCCCT-
CACCA) at positions 8470 and 13447 (4,
21) (Fig. 1). A second, less common 7436-
bp (7.4-kb) deletion occurs between the
12-bp direct repeat (5'-CATCAACA-
ACCQG) at positions 8637 and 16073 (4, 22)
(Fig. 1).

Patients with spontaneous cases of
CEQOP, KSS, and Pearson’s syndrome have
only one type of deleted mtDNA, which
implies that their diseases are the result of a
single deletion event occurring early in
development (I, 4, 19, 21). In these pa-
tients, the proportion of mutant and nor-
mal mtDNAs varies markedly between tis-
sues (23). Presumably, the distribution of
deleted mtDNAs is determined by the time
during development that the deletion oc-
curred and the subsequent vagaries of rep-
licative segregation. Thus, variation in the
severity of the disease probably reflects vari-
ation in the proportion of deleted mtDNAs
among the tissues.

In fact, many KSS and CEOP patients
are phenotypically normal as children, but
symptoms appear later in life and progress.
Analysis of muscle samples from individual
patients over time has shown that the
proportion of deleted mtDNAs progressive-
ly increases with age (24). Moreover, de-
leted molecules accumulate in localized re-
gions of muscle fibers (25). Because all
mtDNA replication enzymes are encoded
by the nucleus, the rate of replication of
mtDNA is directly proportional to the
length of the molecule, so that deleted
molecules may have a replicative advantage
and consequently increase in number over
time (I). Some mtDNA duplications have
also been reported; these appear to dupli-
cate both replication origins (26) and may
become enriched because they replicate
twice as often (1).

The genetic complexity of OXPHOS
diseases is further increased by defective
nuclear-cytoplasmic interactions. In some
KSS pedigrees, the disease is inherited as an
autosomal-dominant mutation, and affect-
ed family members have a variety of
mtDNA deletions instead of the single
mtDNA deletion found in spontaneous cas-
es of the disease. Presumably, these KSS
cases are the product of a nuclear mutation
in a mtDNA replication enzyme (27). In



some children with lethal infantile respira-
tory failure, the amount of the mtDNA in
specific tissues is reduced as much as 98%.
These mtDNA depletion syndromes can be
familial and transmitted through males,
thus indicating that they are the result of
nuclear mutations (28).

The OXPHOS Paradigm as a
Hypothesis for Degenerative
Diseases

The study of mtDNA diseases has suggested
a hypothesis for aging and age-related de-
generative diseases. Each individual is born
with an initial OXPHOS capacity that sub-
sequently declines with age. When this
OXPHOS capacity falls below the energetic
threshold of an organ, disease symptoms
appear. Although genotypically normal
people start with a high OXPHOS capacity
and generally die before most tissue thresh-
olds are traversed, individuals born with
deleterious OXPHOS mutations start at
lower OXPHOS levels and cross expression
thresholds within their lifetimes.

Given this paradigm, elucidation of the
molecular basis of the age-related decline in
OXPHOS is of great importance. The most
likely mechanism is the accumulation of
damage to mtDNA by oxidation and the
progressive enrichment of deleted mtDNAs
through their tendency to replicate more
rapidly than full-size mtDNA. Evidence
that mtDNA damage accumulates with age
comes from analysis of heart and brain
mtDNAs for the presence of the 7.4- and
5-kb deletions (Fig. 1). The percentage. of
hearts that have the 7.4-kb deletion in-
creases with age (22), and the amount of
the 5-kb deletion increases in histologically
normal hearts after age 40, reaching
0.0035% by age 80 (29, 30). The 5-kb
deletion also accumulates in brain tissue; it
is absent in children but present in adults
(29). If all forms of mtDNA damage could
be assessed, these data suggest that a signif-
icant proportion of the mtDNAs may be
defective in elderly people.

Because symptoms appear earlier in pa-
tients with OXPHOS defects, affected or-
gans might accumulate higher proportions
of mutant mtDNAs. In ischemic heart dis-
ease, for instance, OXPHOS is chronically
inhibited because atherosclerotic plaques
occlude the coronary arteries, which de-
prives the heart mitochondria of substrates
and oxygen. Chronic cardiac ischemia has
been associated with an 8- to 2200-fold
increase in the 5-kb deletion and an induc-
tion of OXPHOS transcript levels for both
nDNA (ANT and the ATP synthase B
subunit) and mtDNA (rRNAs and cyt b)
genes in affected hearts (30). Similarly, the
7.4-kb deletion was found to be increased
in the heart of a 16-year-old girl who had

the MELAS mutation and died of hyper-
trophic cardiomyopathy (30). The hearts of
cardiomyopathy patients are generally more
likely to have the 7.4-kb deletion than
those of controls (22), hearts from 30% of
nonischemic heart failure patients have in-
creased levels of the 5-kb deletion (30), and
most defective hearts have increased levels
of OXPHOS gene transcripts (30). Thus, at
least some forms of cardiomyopathy can
involve OXPHOS deficiency, and chronic
inhibition of OXPHOS can be associated
with increased secondary damage to
mtDNA and a compensatory induction of
OXPHOS gene expression.

Some cases of diabetes mellitus may also
be a result of OXPHOS defects. Late-onset
diabetes mellitus is a heterogeneous group
of disorders in which the probability that
the affected parent will be the proband’s
mother increases with the proband’s age at
onset of the disease (31). Recent evidence
suggests that this phenomenon might in
part be attributable to mtDNA mutations
(32). Analysis of a large pedigree with
maternally inherited diabetes and deafness
but with no other manifestation of mito-
chondrial disease revealed a generalized
muscle mitochondrial OXPHOS deficiency
associated with a severe mitochondrial pro-
tein synthesis defect. Molecular analysis
showed that all affected individuals had a
systemic, heteroplasmic, 10.4-kb mtDNA
deletion flanked by a 10-bp direct repeat
(5'-CACCCCATCC) at nucleotide posi-
tions 14812 and 4389. This extraordinary
deletion removed O; and all of the mtDNA
genes except the rRNAs, NDI, part of cyt
b, and the adjacent tRNAs (32) (Fig. 1).
The stable maintenance and maternal-in-
heritance of this deletion is unigue and
suggests that the loss of O; may offset the
replicative advantage of the shorter mole-
cule. The resulting chronic deficiency in
OXPHOS appears to inhibit insulin pro-
duction by the pancreatic islets in a manner
analogous to the induction of diabetes by
streptozotocin in rats.

- Parkinson’s, Alzheimer’s, and Hunting-
ton’s diseases may also be associated with
OXPHOS defects. Parkinson’s disease is a
common, late-onset disease associated with
movement disorders and loss of dopaminer-
gic neurons in the substantia nigra. The
disease can be induced by the complex I
inhibitor =~ MPTP  (1-methyl-4-phenyl-
1,2,3,6-tetrahydrophyrine) (33), and com-
plex I deficiency has been reported in Par-
kinson’s disease brain (34), platelet (35),
and muscle (36, 37) mitochondria. Muscle
mitochondrial studies have also shown that
patient OXPHOS defects are heteroge-
neous. Out of six patients in one study, two
had complex I deficits, one had a complex I
and III defect, one had a complex IV
defect, and two had normal activity (36).

SCIENCE ¢ VOL. 256 * 1MAY 1992

ARTICLES

Brains of patients with Parkinson’s disease
also contain mtDNA deletions (38) and
Parkinson’s disease is genetically heteroge-
neous. A small number of families are
compatible with autosomal-dominant in-
heritance, but most cases have only occa-
sional affected relatives or are spontaneous
(39). Thus, Parkinson’s disease is both bio-
chemically and genetically heterogeneous,
as might be expected if the symptoms were
the product of the genetic or environmental
inhibition of OXPHOS.

Alzheimer’s disease is a common late-
onset disease associated with progressive
dementia and cortical atrophy. Like Parkin-
son’s disease, Alzheimer’s is biochemically
and genetically heterogeneous. Five out of
six patients with Alzheimer’s have been
reported to have OXPHOS complex IV
defects in platelet mitochondria (40). Most
Alzheimer’s cases are spontaneous, though
some are autosomal dominant and a few of
these are associated with a 3-amyloid poly-
morphism (41). Hence, some Alzheimer’s
cases could also be the product of systemic
OXPHOS defects.

Huntington’s disease is a rare movement
disorder associated with degeneration of the
basal ganglia. OXPHOS enzyme assays
have revealed complex IV defects in the
basal ganglia of patients with this disease
(42) and complex I defects in platelet mi-
tochondria (43). Huntington’s disease is
autosomal dominant, but the age of onset
and severity of the symptoms can vary,
depending on the sex of the affected parent
(1, 44). Because another disease involving
movement disorders and basal ganglia de-
generation (LHON and dystonia) is mater-
nally inherited (45), the variable age of
onset of Huntington’s disease might be the
product of an mtDNA modifying gene.

These and other age-related degenera-
tive diseases could all fit the OXPHOS
paradigm. However, to prove this associa-
tion, one would have to identify mutant
OXPHOS genes that predispose individuals
to these conditions. If such mutations can
be found, they will permit disease-specific
presymptomatic tests. Because metabolic
therapies are already being developed for
mtDNA OXPHOS diseases (1), preventa-
tive therapy may ultimately allow individ-
uals at risk for a variety of degenerative
diseases to avoid developing symptoms.
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Solution Structure of a
Calmodulin-Target Peptide
Complex by Multidimensional NMR

Mitsuhiko lkura,* G. Marius Clore,T Angela M. Gronenborn,t
Guang Zhu, Claude B. Klee, Ad Baxt

The three-dimensional solution structure of the complex between calcium-bound cal-
modulin (Ca2+-CaM) and a 26-residue synthetic peptide comprising the CaM binding
domain (residues 577 to 602) of skeletal muscle myosin light chain kinase, has been
determined using multidimensional heteronuclear filtered and separated nuclear magnetic
resonance spectroscopy. The two domains of CaM (residues 6 to 73 and 83 to 146) remain
essentially unchanged upon complexation. The long central helix (residues 65 to 93),
however, which connects the two domains in the crystal structure of Ca?*-CaM, is dis-
rupted into two helices connected by a long flexible loop (residues 74 to 82), thereby
enabling the two domains to clamp residues 3 to 21 of the bound peptide, which adopt a
helical conformation. The overall structure of the complex is globular, approximating an
ellipsoid of dimensions 47 by 32 by 30 angstroms. The helical peptide is located in a
hydrophobic channel that passes through the center of the ellipsoid at an angle of ~45°
with its long axis. The complex is mainly stabilized by hydrophobic interactions which, from
the CaM side, involve an unusually large number of methionines. Key residues of the
peptide are Trp* and Phe'”, which serve to anchor the amino- and carboxyl-terminal halves
of the peptide to the carboxyl- and amino-terminal domains of CaM, respectively. Se-
quence comparisons indicate that a number of peptides that bind CaM with high affinity
share this common feature containing either aromatic residues or long-chain hydrophobic
ones separated by a stretch of 12 residues, suggesting that they interact with CaM in a

similar manner.

Calmodulin (CaM) is a ubiquitous Ca®*
binding protein of 148 residues that is
involved in a wide range of cellular Ca®*-
dependent signaling pathways, thereby reg-
ulating the activity of a large number of
proteins including protein kinases, a pro-
tein phosphatase, nitric oxide synthase,
inositol triphosphate kinase, nicotinamide
adenine dinucleotide kinase, cyclic nucleo-
tide phosphodiesterase, Ca’* pumps, and
proteins involved in motility (1). Binding
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domains for CaM have been isolated from a
number of CaM-dependent enzymes and
have been shown to comprise peptide se-
quences with a high propensity for helix
formation (2). In addition, both circular
dichroism (3) and nuclear magnetic reso-
nance (NMR) (4, 5) studies have shown
that many naturally occurring CaM binding
peptides, such as mellitin and mastoporan,
as well as synthetic peptides corresponding
to CaM binding domains adopt a helical





